Fascin is an actin bundling protein that is essential for developmental cell migrations and 17 promotes cancer metastasis. In addition to bundling actin, Fascin has several actin-independent 18 roles. Border cell migration during Drosophila oogenesis provides an excellent model to study 19
Introduction
Fascin is an actin-binding protein that bundles or cross-links actin filaments (Hashimoto 48 et al., 2011; Jayo and Parsons, 2010) to promote cell motility and invasion through the formation 49 of filopodia and invadopodia (Adams, 2004; Li et al., 2010; Zanet et al., 2012) . While Fascin 50 does promote cell migration in this actin-dependent manner, novel actin-independent roles of 51
Fascin have been discovered (Anilkumar et al., 2003; Jayo et al., 2016; Villari et al., 2015) . 52
Fascin directly binds the Linker of the Nucleoskeleton and Cytoskeleton (LINC) complex, which 53 mediates mechanotransduction. Perturbing this interaction impairs nuclear shape deformation 54 essential for single-cell invasive migration (Jayo et al., 2016) . Fascin also binds to microtubules 55 and loss of this interaction increases the stability of cellular adhesions causing slower migration 56 (Villari et al., 2015) . Additionally, Fascin interacts with Protein Kinase C (PKC), LIM kinases 57 (LIMKs), and, notably, Enabled (Ena; (Anilkumar et al., 2003; Hashimoto et al., 2007; Jayo et 58 al., 2012; Winkelman et al., 2014) . Ena is an actin elongation factor, and in vitro Ena 59 processivity is increased on Fascin-bundled actin (Harker et al., 2019; Winkelman et al., 2014) . 60
These studies illustrate Fascin has multiple functions within the cell that regulate cell migration. 61
Fascin is important for both developmental cell migrations and cancer metastasis (Cohan 62 Specifically, by subtracting the distance of the outer follicle cells from the anterior end of the 117 follicle from the distance the border cells have migrated we can calculate the migration index 118 ( Fig. 1A) . A migration index of ~0 indicates on-time migration, while a negative value indicates 119 delayed migration and a positive value indicates accelerated migration ( Fig. 1A) . 120
To assess border cell migration during S9, we performed immunofluorescent staining for 121
Hts and FasIII, this stain labels both border cells (yellow arrow) and outer follicle cells (yellow 122 line) and enables us to assess border cell migration and quantify migration index ( Fig. 1B-G) . 123
This stain will be referred to throughout the paper as the border cell migration stain. Using this, 124 we quantified migration index in wild-type and fascin mutant follicles ( Fig. 1B-G) . Two 125 different null alleles of fascin were used, fascin sn28 and fascin snX2 (Cant and Cooley, 1996; Cant et 126 al., 1994) . S9 follicles that were wild-type or heterozygous for mutations in fascin display on-127 time border cell migration with the border cell cluster being in line with the outer follicle cells 128 substrate upon which the border cells migrate and changes in nurse cell structure or stiffness 140 perturb border cell migration (Aranjuez et al., 2016; Cai et al., 2016) . 141
We used the UAS/GAL4 system (Rorth, 1998) 
Somatic expression of Fascin rescues border cell migration 161
We next asked in what cell types is Fascin sufficient for normal border cell migration. 162
The UAS/GAL4 system was used to express GFP-Fascin in specific cell types of fascin mutant 163 follicles to determine where restoring expression rescues border cell migration. We expressed 164 GFP-Fascin in the somatic cells (c355 GAL4), the germline cells (oskar GAL4), or in both the 165 germline and somatic cells (actin5C GAL4) (see Table S1 for all statistical comparisons). 166
Expression of GFP-Fascin in the somatic cells of fascin mutant follicles restores border cell 167 migration ( Fig. 3A To determine how loss of Fascin causes delayed border cell migration we utilized live 177 imaging. We visualized border cell migration with membrane localized GFP expressed under the 178 control of the slbo promoter (slbo>mCD8-GFP), which specifically labels the border cells and 179 allows us to analyze cluster protrusions. 180
During migration, the border cell cluster typically forms one or two large protrusions that 181 extend and retract from the leading end of the cluster as it migrates (Bianco et al., 2007; Prasad 182 and Montell, 2007) . In agreement with this, control clusters (fascin sn28 /+) typically have one or 183 two main protrusions extending and retracting from the front of the cluster ( Fig. 4A -A", Movie 184 1). Conversely, in fascin-null mutants (fascin sn28/sn28 ) the clusters extend many protrusions from 185 their front, sides, and back ( Fig. 4B -B", Movie 2). Clusters in control follicles have just one 186 protrusion in 64% of the frames analyzed versus 34% of the frames in fascin-null follicles ( Fig.  187 4C). Furthermore, the clusters in fascin-null follicles have a higher percentage of frames with 3-4 188 protrusions (19%) compared to those of controls (1%) ( Fig. 4C ; p<0.0001, Pearson's chi-squared 189 test). Moreover, we assessed the localization of the protrusions on the cluster: front (0° to 45° 190 and 0° to 315°), sides (45° to 135° and 225° to 315°), or back (135° to 225°) of the cluster 191 (Sawant et al., 2018) . The fascin-null clusters have a significantly altered protrusion localization 192 with 43% of the protrusions emerging from either the side or back of the cluster compared to 193 17% for the control clusters ( Fig. 4D; p<0 .0001, Pearson's chi-squared test). 194
In addition to quantifying protrusions per frame, we measured the protrusion length and 195 binned them based on their directionality in the same manner as described above. The 196 protrusions that emerge from the front of the cluster are typically longest in length (Bianco et al., 197 2007; Prasad and Montell, 2007) . Protrusions extending from the front of the cluster were 198 significantly longer in control clusters compared to fascin-null clusters ( Fig. 4E ; 9.3µm 199 compared to 7.5µm, respectively; p=0.045). Additionally, in control clusters, the protrusions 200 extending from the front are significantly longer than the protrusions extending from the sides ( Fig. 4E ; front=9.3µm, sides=6.6µm; p=0.047). Conversely, fascin-null clusters extend 202 protrusions of similar lengths from all sides of the cluster ( Fig. 4E ; front=7.5µm, sides=6.8µm, 203 and back=7.2µm). Additionally, protrusion duration is significantly shorter in the fascin-null 204 clusters, with the average duration being 20min compared to 43.4min for controls ( Fig. 4F,  205 p<0.0001). 206
Lastly, we quantified the migration speed of clusters during mid-migration. Loss of 207
Fascin results in significantly slower migration (0.24µm/min) compared to controls 208 (0.51µm/min; Fig. 4G ; p=0.0019). Overall, these data indicate the loss of Fascin impairs 209 protrusion formation and regulation within the cluster, and these impairments cause slower 210 migration speeds. nurse cells impairs border cell migration (Cai et al., 2014) . We were unable to assess dominant 252 genetic interactions between e-cadherin and fascin mutants because heterozygosity for mutations 253 in e-cadherin resulted in border cell migration delays (data not shown). Therefore, we assessed 254 E-cadherin by immunofluorescence. As initial differences in E-cadherin between wild-type and 255 fascin-null delaminating clusters were subtle, samples were stained in the same tube for further Knockdown of Fascin in only the border cells does not cause significant border cell migration delays (C, E); this is likely due to poor knockdown efficiency of the GAL4 driver (see Fig. S2 ). 
